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Decoupling antennas in printed technology using elliptical metasurface cloaks In this paper, we extend the idea of reducing the electromagnetic interactions between transmitting radiators to the case of widely used planar antennas in printed technology based on the concept of mantle cloaking. Here, we show that how lightweight elliptical metasurface cloaks can be engineered to restore the intrinsic properties of printed antennas with strip inclusions. In order to present the novel approach, we consider two microstrip-fed monopole antennas resonating at slightly different frequencies cloaked by confocal elliptical metasurfaces formed by arrays of sub-wavelength periodic elements, partially embedded in the substrate. The presence of the metasurfaces leads to the drastic suppression of mutual near-field and far-field couplings between the antennas, and thus, their radiation patterns are restored as if they were isolated. Moreover, it is worth noting that this approach is not limited to printed radiators and can be applied to other planar structures as well. Metamaterials have drawn much attention in recent years and been widely utilized in order to realize electromagnetic invisibility by suppressing both bi-static and total scattering cross-sections (SCSs) of the object to be cloaked. In this regard, various methods have been proposed such as transformation optics, 1,2 anomalous resonance method, 3 transmission-line networks, 4, 5 and plasmonic cloaking, [6] [7] [8] [9] [10] among others. However, these techniques require bulk volumetric metamaterials and are difficult to realize in practice.
To surmount the issue, a different cloaking technique has been presented based on the concept of mantle cloaking, [11] [12] [13] [14] [15] [16] [17] [18] in which an ultrathin metasurface is used for the drastic reduction of the dominant scattering mode of a given object. In this method, conformal cloaks provide anti-phase surface currents to lower the echo width of a given object remarkably. The mantle cloaking method has also been implemented at low-THz frequencies by using a graphene monolayer and a nanostructured graphene patch array. 19, 20 Recently, the idea of mantle cloaking has been extended and an analytical framework for the analysis of the electromagnetic cloaking of dielectric and metallic elliptical cylinders and 2-D metallic strips has been presented in Refs. 21 and 22, where the cloak structures are realized by a graphene monolayer and a nanostructured graphene patch array at low-THz frequencies, and also by conformal arrays of sub-wavelength periodic elements at microwave frequencies.
In addition to non-invasive probing, camouflaging, and imaging, one of the interesting applications of cloaking technology can be considered to be the reduction of mutual coupling between antennas. This application has been studied theoretically for the first time in Ref. 23 , wherein it has been proposed to use transformation-based cloaks for the restoration of antenna parameters. In fact, the destructive mutual coupling effect pertaining to the existence of other elements has always been an important issue in antenna applications and designs. For instance, multiple antennas can be installed in a compact space on complex structures such as shipboards 24 and lowering the coupling levels is highly required. It should be also mentioned that suppressing the mutual coupling caused by the presence of an antenna is more complicated than the case, in which a passive element is present, [25] [26] [27] [28] due to the fact that the cloak structure for an antenna ought to be designed in such a way that provides coupling reduction, and at the same time, preserves the electromagnetic performance of the antenna. Regarding this, recently, the concept of electromagnetic invisibility has been applied [29] [30] [31] to short and half-wavelength dipole antennas. In Ref. 29 , the plasmonic cloaking method has been used for making a sensor (a short dipole antenna) invisible while being able to receive an incoming signal. On the other hand, in Ref. 30 , it has been proposed for the first time to utilize the mantle cloaking method in order to suppress the mutual blockage effects between two cylindrical free-standing dipole antennas with close resonance frequencies. In Ref. 31 , this novel idea has been extended and confocal elliptical 1-D printed sub-wavelength elements have been applied to cloak strip dipole antennas in free space, which led to the restoration of the matching characteristics and radiation patterns of the antennas. Also, the applicability of mantle cloaking for mutual coupling reduction between two closely spaced antennas has been experimentally verified recently. 32 However, none of the aforementioned studies has focused on printed antennas so far, while being widely used in modern crowded electromagnetic environments such as airborne and wireless communications, wherein demands for high performance, reliability, compactness, and lightweight ought to be met. Undesirably, this compactness leads to the increase in the coupling levels between closely spaced planar microstrip antennas. The sources of this unwanted electromagnetic coupling can be classified as: (i) near-field coupling, (ii) far-field coupling, and (iii) surface-wave coupling. 33 In this paper, we focus our study on printed technology and extend the idea of mutual coupling reduction based on the mantle cloaking method. In this regard, we propose a novel design to lower the electromagnetic interaction between the microstrip antennas. To explicate further, it should be mentioned that, fundamentally, this approach is inspired by the cloaking of 2-D elliptical objects discussed in Ref. 22 , wherein confocal elliptically shaped metasurfaces make it possible to cloak infinitely long metallic elliptical cylinders and strips. In order to extend and link the concept of electromagnetic invisibility (realized by elliptical metasurfaces) to the suppression of mutual coupling between printed antennas, it should be emphasized that the nonsymmetric configuration of metallic strips (in terms of bi-static scattering cross-section) necessitates the use of elliptical cloak structures in microstrip technology. According to this, it should be mentioned that the cloak designs provided in Refs. 30 and 32, though interesting for cylindrical dipole and monopole antennas, cannot be extended to microstrip antennas since their respective metasurface cloaks with circular cross-sections are not able to cancel the dominant elliptical modes of the radiators with strip inclusions in printed technology. Regarding this, it is worth noting that the novelty of our design is to meet the requirements of coupling reduction for antennas in printed technology by covering each radiating element with a proper elliptical metasurface cloak confocal to the strip of the radiator (the foci of each elliptical metasurface coincide with the edges of each strip). In fact, the proposed elliptical metasurface cloaks create anti-phase surface currents (based on the mantle cloaking method), which cancel the induced surface currents resulting from the electromagnetic interactions between closely spaced antennas, and consequently, suppress the elliptical scattering modes of each antenna and make them invisible to each other. To convey the idea, we consider two microstripfed monopole antennas resonating at slightly different frequencies and show that how elliptical metasurface cloaks formed by printed arrays of sub-wavelength periodic elements, partially embedded in the substrate, provide invisibility for the antennas in a way that they do not sense each other, and their radiation patterns are restored as if they were isolated.
This paper is organized as follows. In Section II, we introduce the proposed mantle cloak design and we describe how elliptically shaped sub-wavelength conformal printed elements involve in the reduction of near-field and far-field couplings between the microstrip-fed monopole antennas. Section III is allocated to the conclusions.
II. CLOAKING OF MICROSTRIP-FED MONOPOLE ANTENNAS A. Design procedure
The design of elliptical cloaks for mutual coupling reduction between microstrip-fed monopole antennas is inspired by the analytical approach used for cloaking infinitely long metallic elliptical cylinders and strips, wherein the object to be cloaked is supposed to be under a transverse magnetic (TM) plane-wave excitation. 22 The analytical method is based on the solution of the scattering problem by expressing the incident and scattered fields in terms of Mathieu functions in elliptical coordinates, and also by using sheet impedance boundary conditions at the metasurface, which implies the fact that the metasurface cloak should be conformal and confocal with respect to the object in order to achieve efficient electromagnetic invisibility. Although elliptical objects have been considered to be infinitely long in this method, recently, in Ref. 31 , it has been shown that the idea can be generalized to the objects with finite lengths, and it has been illustrated that by covering strip dipole antennas with elliptical metasurfaces, the antennas become invisible to each other, and thus, mutual coupling reduction can be obtained. Here, the question is that how elliptical cloak structures can be realized for the antennas widely used in printed technology. To address this question, first of all, we choose design frequencies for two antennas, namely, antenna I (resonating at f 1 ) and antenna II (resonating at f 2 ), where
It is of paramount importance that the elliptical metasurface cloaks should be engineered in such a way that make the antennas invisible to each other, and simultaneously, preserve their impedance matching at their respective resonance frequencies with a performance similar to the isolated case. To find an optimized design for antenna I, initially, we consider to have a specific value for the total number of vertical strips of the cloak structure (N), which implies to have a specific value for the periodicity (D) due to the perimeter of the dielectric spacer. It should be emphasized that N can be chosen arbitrarily. In Ref. 16 , it has been shown that by choosing different values for N from 2 to 10, the frequency at which the cylinder is cloaked will not change and an efficient cloaking can be achieved for each N.
Having chosen the number of the vertical strips, in order to achieve cloaking at f 2 and meeting resonance conditions at the dielectric spacer (e c ). In fact, the cloak structure wrapped around antenna I acts as a load at its own resonance frequency and should provide cloaking for the incoming electromagnetic wave from antenna II at f 2 . Regarding this, we perform a case study optimization in such a way that all the parameters are considered to be constant along with one of these two parameters (w 1 or e c ), and by varying the other one, we examine the sensitivity of each of these two parameters to the cloaking behavior in terms of the mutual scattering parameter (S 12 ), and at the same time, we take into account the change in the resonance frequency of each antenna. Through a number of simulations, we find specific values for w 1 and e c1 , which will provide cloaking of antenna I for the resonance frequency of antenna II and, simultaneously, will lead to good impedance matching at f 1 . With a similar procedure, the optimum values for antenna II can also be found. In summary, this careful case study optimization leads to optimum values for each elliptically shaped metasurface.
In the upcoming Sub-sections II B and II C, two different scenarios are studied in detail in order to suppress the near-field coupling and the far-field coupling between the antennas. In our scenarios, we consider a low-permittivity substrate, for which h=k 2 < 0:048= ffiffiffiffi e r p (h=k 2 ¼ 0:017 and 
0:048=
ffiffiffiffi e r p ¼ 0:032, and k 2 is the wavelength of the antenna with the higher frequency), and thus, the surfacewave coupling is weakly excited and its effect on the resulting mutual coupling between the antennas can be neglected. 33, 34 
B. Scenario I-Reduction of near-field coupling
The presence of a microstrip antenna in the near-field region of the other one results in power exchange between the antennas and this mutual coupling may change the characteristics of each antenna. To present the applicability of the proposed coupling reduction method, first of all, here we consider two microstrip-fed monopole antennas in the isolated case resonating at f 1 ¼ 3 GHz (antenna I) and f 2 ¼ 3:33 GHz (antenna II), each on a lossy Rogers RT/duroid 5880 substrate with e r ¼ 2:2, tan d ¼ 0:0009, and h ¼ 1:575 mm, and a partial ground structure (non-symmetric with respect to the location of the antennas) as shown in Fig. 1 Figs. 2 and 3 , respectively. Full-wave simulations have been performed by using CST Microwave Studio. 35 To study the coupling effect, we place the aformentioned planar monopole antennas close to each other with a short distance of d ¼ 0:16 k 1 (k 1 is the wavelength related to antenna I) at f ¼ 3 GHz (Fig. 4(a) ). As expected, in the coupled but uncloaked case, the presence of each antenna changes the radiation pattern of the other one drastically, and thus, they no longer provide their original radiation patterns as illustrated in Figs. 4(b) and 4(c).
Now, in order to surmount the issue mentioned above and overcome the blockage effect of the near-field coupling between the antennas, we propose to cover the radiating part of each antenna with its respective conformal elliptical metasurface formed by confocal printed arrays of sub-wavelength periodic elements, partially embedded in the substrate. The configuration of the antennas with the proposed cloak structures is shown in Fig. 5 with the parameters: R 1 ¼ 20:65 mm and R 2 ¼ 18:4 mm.
To achieve an appropriate cloak design for the antennas, according to the design procedure mentioned above, we con- Fig. 6 . The results imply the fact that covering the radiating parts of each antenna by its respective properly designed cloak leads to the restoration of the radiation patterns of the antennas and recovering their input impedance characteristics qualitatively. To compare the uncloaked and cloaked cases quantitatively in terms of the mutual scattering parameter (S 12 ), it should be mentioned that at f ¼ 2:97 GHz, the S 12 is reduced about 25.5 dB, and at f ¼ 3:35 GHz, the S 12 is improved about 29.5 dB, which confirms the applicability of the mantle cloaks for suppressing the near-field coupling between these monopole antennas. In addition, it can be observed that the 3-D patterns of the antennas are very much similar to the isolated case shown in Figs. 3(a) and 3(b) . Here, to provide a fair comparison between the radiation patterns, the 2-D linear gain patterns of the antennas for the isolated, coupled but uncloaked, and cloaked cases are illustrated in Fig. 7 in the H-plane (xy-plane) and E-plane (yz-plane). It is obvious that the radiation patterns of the antennas are recovered remarkably by applying the metasurfaces formed by inductive vertical strips. Actually, the presence of each antenna forces the pattern of the other one to become highly directive in the absence of the cloak structures, while in case of their presence, the antennas radiate in a very much similar way to the isolated case.
To clarify further the concept of mutual coupling reduction based on the proposed design, the time snapshots of the electric field distributions of the antennas are shown for the top view in Fig. 8 . For the uncloaked case, the electric fields of each antenna are intensively perturbed due to the presence of the other antenna in its near-field region, and the power is coupled to the port of the neighboring antenna through the microstrip feed line. On the other hand, the presence of the mantle cloaks reduces the field interaction between the antennas by making the radiating parts of the antennas invisible to each other, and thus, the electric fields produced by each antenna are not sensed by the input port of the other antenna. In Fig. 9 , the current distributions of the antennas are shown for different cases and the top view. In the uncloaked case, the microstrip-fed antennas are strongly involved in the near-field coupling and each excited antenna induces a surface current on the neighboring antenna. However, when the radiating parts of the antennas are cloaked, due to the nature of the mantle cloaking method, in which anti-phase surface currents are produced by the cloak structure to cancel the induced currents on the object to be cloaked, induced surface currents are canceled by the elliptically shaped metasurfaces and will not reach the input port of the neighboring antenna. In addition to the parameters mentioned above, here we consider the results of the total radiation efficiencies of the antennas, simulated and calculated by using CST Microwave Studio, plotted in Fig. 10 . It can be observed that the presence of the metasurfaces not only improves the total efficiency of each antenna at its own frequency but also reduces its efficiency drastically at the resonance frequency of the other antenna, and thus, makes it a poor radiator at that frequency. Hence, the mutual coupling between the antennas will be lowered remarkably in comparison to the case, wherein the antennas are dramatically coupled with no metasurface cloaks.
C. Scenario II-Reduction of far-field coupling
Here, our objective is to investigate the coupling effect between the antennas located in the far-field region of each other, and present the applicability of the same cloak structures introduced previously and show how these confocal and conformal elliptical metasurfaces are able to lower the far-field coupling between the antennas and their presence leads to the restoration of the radiation patterns of the microstrip-fed monopole antennas. In a similar way to Section II B, initially, we supposed to have the antennas in the isolated case ( Fig. 11) with M ¼ 97 mm, and all other parameters are the same as the ones mentioned in Scenario I. Due to the change in the size of the non-symmetric ground plane structure of the antennas, their S-parameters and radiation patterns will be different from the ones presented in Section II B as shown in Figs. 12 and 13 . Now, we place both of the antennas on the same substrate with a separation of d ¼ 0:5 k 1 (k 1 is the wavelength related to antenna I) at f ¼ 3 GHz (Fig. 14(a) ). To examine the consequence of this configuration in terms of radiation pattern, the 3-D linear gain patterns of the antennas are shown in Figs. 14(b) and 14(c) .
It can be clearly seen that the presence of the antennas changes the gain pattern of each antenna intensively in such a way that the pattern becomes highly directive. In fact, since the resonance frequencies of the antennas are close to each other, with a separation of half-wavelength for antenna I and near to half-wavelength for antenna II, this configuration of the antennas results in an array-type radiation pattern, which is not of interest for these microstrip-fed antennas that are supposed to operate individually and radiate in such a way that their own radiation patterns encounter no change. To suppress the resulting far-field coupling between the antennas and restore their radiation patterns, we cover each antenna with the same cloak structure in Section II B as shown in Fig. 15 . The 3-D linear gain patterns of the antennas and their S-parameters are shown in Fig. 16 . Similar to the previous scenario, it is obvious that cloaking the antennas by the conformal metasurfaces provides mutual coupling reduction, and thus, restores their radiation patterns as if they were isolated. It is worth pointing out that the mutual scattering parameter (S 12 ) of the antennas has been improved about 35.6 dB and 29 dB for antenna I at f ¼ 2:98 GHz and antenna II at f ¼ 3:36 GHz, respectively, verifying the fact that the far-field coupling between the microstrip-fed monopole antennas is reduced drastically. In addition, the coupling suppression provides extremely high similarity between the 3-D gain patterns of the antennas in the cloaked case to the isolated case as illustrated in Figs. 16(b) and 16(c) . Also, the 2-D linear gain patterns of the antennas for the isolated, coupled but uncloaked, and cloaked cases are plotted in Fig. 17 in the H-plane (xy-plane) and E-plane (yz-plane) at f ¼ 2:98 GHz and f ¼ 3:36 GHz for antenna I and antenna II, respectively. The 2-D gain plots explicitly demonstrate that each of the antennas is affected by the presence of the other neighboring antenna in the uncloaked case and its radiation pattern is totally perturbed and highly directive, and thus, the antenna no longer can provide the desired radiation pattern as in the isolated case. However, in the cloaked case, the cloaks cancel this effect and make the antennas invisible to each other in a way that their patterns are recovered and improved.
To conduct an investigation on the current distributions of the antennas and compare their behaviors for different cases in order to understand the effectiveness of the proposed cloaks more profoundly, the currents of the antennas for the top view are shown in Fig. 18 . It is worth noting that the mutual coupling and power interaction between the planar monopole antennas result in the induction of a surface current on the radiating element of the other neighboring antenna in the uncloaked case, and then, this current will be transferred to the port through the feed line and exacerbates the input impedance characteristics of it. On the other hand, the elliptical cloak of each antenna compensates the unwanted induced surface current by creating an anti-phase surface current, and thus, the input port of the neighboring antenna will not receive any signal. Also, the total radiation efficiencies of the antennas are plotted in Fig. 19 . It is of paramount importance that by cloaking the antennas with the aforementioned properly designed elliptical metasurfaces, the total efficiency of each antenna will be reduced significantly at the resonance frequency of the other antenna and may be improved at its own resonance frequency, and thus, the antenna becomes a poor radiator at the frequency of the neighboring antenna, and at the same time, radiates similarly to the isolated case at its resonance frequency. Consequently, the presence of the metasurfaces leads to the suppression of the far-field coupling between the antennas.
III. CONCLUSIONS
In this paper, we have proposed an approach based on the mantle cloaking method in order to make planar antennas invisible to each other, and thus, to suppress the mutual nearfield coupling and far-field coupling drastically between two microstrip-fed monopole antennas in printed technology. Although there is no analytical solution for cloaking finitelength objects, this approach is inspired by the cloaking of infinitely long metallic strips, in which scattered elliptical fields are expressed in terms of even and odd Mathieu functions. In this regard, it has been shown that by covering each monopole antenna with an appropriately designed confocal elliptically shaped metasurface cloak, the near-field coupling between the antennas has been reduced to 25.5 dB and 29.5 dB, and the far-field coupling has been lowered to 35.6 dB and 29 dB in terms of the mutual scattering parameter (S 12 ). Consequently, the matching characteristics and radiation patterns of the antennas have been improved and recovered in a way that the antennas do not sense the presence of each other and the destructive effects on the radiation properties of the antennas are prevented. It should be mentioned that this approach not only helps to improve the isolation between closely spaced printed antennas but also can be applied to any printed elements with strip inclusions. FIG. 19 . Total efficiencies of the antennas for the isolated, uncloaked, and cloaked cases.
